screen mutations in all exons and exon-intron boundaries of TNNI3 in a panel of 1127 unrelated AF patients and 1583 non-AF subjects. Four novel missense variants were identified in TNNI3, including E64G, M154L, E187G and D196G in four independent AF patients, but no variant was found in 1583 non-AF subjects. All variants were not found in public databases, including the ExAC Browser database with 60,706 exomes. These data suggest that rare TNNI3 variants are associated with AF (P = 0.03). TNNI3 encodes troponin I, a key regulator of the contraction-relaxation function of cardiac muscle and was not previously implicated in AF. Thus, this study may identify a new biological pathway for the pathogenesis of AF and provides evidence to support the rare variant hypothesis for missing heritability.
Introduction
Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia in the clinical set. AF is electrocardiographically characterized by the absence of P waves, irregular RR intervals, and a fast atrial rate of up to 300 beats/min (Fye 2006) . AF affects 2.6 million Americans, 6 million Europeans and 8 million Chinese people (Zhang 2009; Chugh et al. 2014) . AF has a population prevalence rate of 1 % (Camm et al. 2012) . AF is becoming a costly health problem in the near future with aging of the population because its rate increases up to 8 % in the population with the age of 80 years or above (Hu and Sun 2008) . AF increases cardiovascular morbidity (Krahn et al. 1995) , doubles the mortality (Kannel et al. 1998) , and increases the risk of stroke fivefold (Wolf et al. 1991) . Epidemiological studies revealed a strong genetic component significantly contributed to the incidence of AF, especially to lone AF not associated with any structural heart disease (Wang 2008) . A study in Danish twins suggested that the heritability of AF was as high as 62 % (Christophersen et al. 2009 ).
Mutations associated with familial AF were initially identified in genes encoding ion channels, including potassium channels and sodium channels. Subsequent studies demonstrated that mutations in non-ion channel genes such as NPPA and NUP155 can also causer AF (HodgsonZingman et al. 2008; Zhang et al. 2008; Ren et al. 2010) . Several genome-wide association studies (GWAS) on AF showed that a group of loci containing single-nucleotide polymorphisms (SNPs) confer risk to AF (Gudbjartsson et al. 2007; Benjamin et al. 2009; Gudbjartsson et al. 2009; Ellinor et al. 2010 Ellinor et al. , 2012 Sinner et al. 2014) . A candidate gene approach is another major strategy in identifying rare mutations in AF patients. For example, using the candidate gene approach our group successfully identified a functional dominant-negative AF mutation in sodium channel subunit gene SCN3B and suggested that SCN3B is a new pathogenic gene of AF (Wang et al. 2010b ). Variants in non-ion channel genes GATA4, GATA6, LMNA, GREM2, and NKX2-5 were identified as AF-associated variants using the candidate gene approach . Somatic mutations in GJA1 and GJA5 were first identified in atrial tissue of lone AF patients, while germline mutations in GJA1 and GJA5 were also identified by resequencing in lone AF cohorts . Long QT syndrome 3-associated SCN5A variants were identified at a high frequency in patients with early-onset lone AF (Olesen et al. 2012) . However, known gene mutations and risk loci can explain only a limited proportion of AF heritability because of the complex genetic architecture of AF, a phenomenon referred to as 'missing heritability'. It is postulated that the remaining heritability for complex diseases such as AF may include rare variants, structural variants such as copy number variants (CNVs), epigenetics, and gene-environment interactions (Manolio et al. 2009; Eichler et al. 2010) . In this study, we provide evidence to support the rare variant hypothesis to explain 'missing heritability' for AF.
The troponin complex of the thin filament of striated muscle consists of three subunits, including troponin I (TnI), troponin T (TnT) and troponin C (TnC) (Takeda et al. 2003) . Troponin I, the inhibitory subunit of the troponin complex, serves as a calcium-sensitive molecular switch in the thin filament regulatory system (Farah and Reinach 1995) . The troponin I subfamily includes three proteins:
TnI-skeletal-fast-twitch, TnI-skeletal-slowtwitch, and TnI-cardiac (cTnI). Cardiac TnI is encoded by the TNNI3 gene located on human chromosome 19q13.4 and is expressed strongly and specifically in cardiac muscle tissues (Bhavsar et al. 1996) . Mutations in TNNI3 were reported in patients with hypertrophic cardiomyopathy (HCM, CMH7), restrictive cardiomyopathy (RCM) and dilated cardiomyopathy (DCM) (Lu et al. 2013) . In this study, whole-exome sequencing analysis identified a TNNI3 mutation that caused both HCM and AF in a large Chinese family. We further showed that rare TNNI3 variants, in aggregate, were associated with AF by sequencing analysis of a large case-control cohort of AF.
Methods

Study subjects and isolation of human genomic DNA samples
All study subjects were from the large GeneID database with collection of DNA samples and clinical data from over 80,000 study subjects with cardiovascular diseases in the Chinese Han population (Wang et al. 2011 ). We ascertained a large Chinese family with combined AF and HCM (Figs. 1, 2) . In addition, a total of 1127 AF patients and 1583 controls without AF were enrolled into the present study. This study was approved by the Ethics Committee of College of Life Science and Technology, Huazhong University of Science and Technology. This study conformed to the principles set forth by the Declaration of Helsinki. Written informed consent was obtained from the participants.
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The diagnosis of AF was based on the standards as reported in the ACC/AHA/ESC AF guidelines (Fuster et al. 2006) . AF was diagnosed using electrocardiograms (ECG) and/or Holter recordings as described by us previously (Shi et al. 2009; Wang et al. 2010b) . AF occurring in subjects without evidence of structural heart disease and thyroid dysfunction was classified as lone AF. The control group consisted of healthy individuals without AF and other cardiovascular disease. HCM was diagnosed based on data from echocardiography as described (Gersh et al. 2011) .
Genomic DNA samples were isolated from peripheral blood samples using the Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA) according to the manufacture's standard protocol.
Whole exome sequencing analysis
To identify the responsible mutation in the Chinese family with AF and HCM, we performed whole exome sequencing analysis for three affected individuals (II:2, III:7 and IV:2 in Fig. 2 ) and one unaffected individual (II:5 in Fig. 2 ) using our ABI SOLiD™ 5500xl Genetic Analysis System. The preparation of a SOLiD ® barcoded fragment library was performed with the 5500 SOLiD™ Fragment Library Core Kit (Part no. 4464412) according to manufacturer's protocol (Life Technologies). Three μg of genomic DNA from each individual as the starting material was sheared into small fragments with a mean fragment size of 165 bp by using the Covaris ® System. Sheared DNA was Following the exome capture step, the probe-hybridized DNA fragments were pulled down using Dynabeads M-270 streptavidin attached to the probes, washed and PCR-amplified with the 5500 SOLiD™ Fragment Library Amplification Module.
Quantitative real-time PCR analysis with six control primer pairs was used to measure exome enrichment. The successfully enriched exome library was subjected to the SOLiD ® EZ Bead™ System to prepare templated beads. Emulsion PCR was then performed on an E80 scale with a titration point of 0.6 pM Targetseq library. After emulsion cleanup and bead enrichment, 3′-ends of the templated beads were modified (SOLiD Pre Deposition Kit).
Templated beads were quantified using a NanoDrop ® 2000 Spectrophotometer to determine the appropriate volume of sample beads to be deposited. Before depositing the beads on the FlowChip, the templated beads were washed three times with SOLiD ® FlowChip Deposition Buffer 1. Massively parallel sequencing of the templated beads on the FlowChip was accomplished on the SOLiD ® 5500xl Genetic Analysis System. The raw data in the format of *.xsq was imported to LifeScope™ Genomic Analysis Software to perform secondary (SAET, mapping) and tertiary (small indel, SNP finding, annotations) analyses. Parameters for target resequencing analysis were set to default values as recommended. Variation annotation of genes and exons was performed against refGene.hg19 (20101221). SNP annotation was performed with reference to dbSNP 132.
Variants identified in the study were filtered or selected according to the following criteria: (1) exclusion of variants present in dbSNP build 132 as polymorphisms; (2) selection of heterozygous variants and exclusion of homozygous variants because the disease is inherited in a dominant mode in the family; (3) selection of variants shared by three affected individuals and not present in the unaffected individual II:5; (4) exclusion of variants present in 40 individuals without HCM or AF and with whole exome sequencing data completed in our laboratory as polymorphisms. The derived list of variants was then analyzed using the wANNOVAR program (http://wannovar.usc.edu/) to annotate functional consequences of these variants (Wang et al. 2010a; Chang and Wang 2012) . The wANNOVAR is a web interface to the ANNOVAR software and one of the most widely used functional annotation tools for high-throughput sequencing data. Following the annotation by wAN-NOVAR, polymorphisms were further filtered out using the data from the 1000 genome project (www.1000genomes. org/) and the NHLBI Exome Variant Server (EVS) (http:// evs.gs.washington.edu/EVS/). All variants that changed protein coding (non-synonymous variants, splicing site mutations, indels) were selected for follow-up studies.
For co-segregation analysis, direct Sanger sequencing analysis was performed for all family members with DNA samples available using the BigDye ® Terminator v3.1 Cycle Sequencing Kit (Life Technologies) as previously described by us (Tian et al. 2004; Du et al. 2005; Zhang et al. 2008) . 
Mutation screening of TNNI3 mutations
In the AF patient group, high-resolution melting (HRM) curve analysis and direct DNA sequence analysis were used to screen for genomic variants in exons 1-6 and exons 7-8 of TNNI3 (NM_000363.4), respectively. The eight exons and exon-intron boundaries of TNNI3 were amplified by polymerase chain reactions (PCR) with primers listed in Table 1 .
The primers were designed using Primer3web (version 4.0.0) (Koressaar and Remm 2007; Untergasser et al. 2012) . PCR analysis was performed in a 25 μl volume containing 30 ng of genomic DNA, 10 pmol of each primer, 10 mM of deoxynucleotide triphosphates, 2.5 μl of 10 × PCR buffer with 1.5 mM MgCl 2 , and 1 unit of Taq DNA polymerase (TaKaRa Biotechnology Co. Dalian, China). For HRM analysis, 1.5 M SYTO ® 9 green fluorescent nucleic acid stain was added to the PCR mixture (Life Technologies). The PCR profile was 94 °C for 5 min, 35-40 cycles of 94 °C for 20 s, annealing temperature for a specific pair of primers for 20 s, 72 °C for 20-30 s, and final extension at 72 °C for 10 m. For DNA sequencing analysis, PCR products after 35 cycles were purified by 2 % agarose gel electrophoresis, and sequenced using the BigDye ® Terminator v3.1 Cycle Sequencing Kit (Life Technologies).
For HRM analysis, the PCR products after 40 cycles were loaded onto the RotorGene Q real-time PCR cycler (Qiagen), and their melting characteristics at different temperatures were generated as curves. Samples showing abnormal HRM curves were identified. The potential mutation represented by the abnormal HRM pattern was PCRamplified from the original DNA samples again and identified by direct DNA sequence analysis as described above.
Mutational analysis of TNNI3 in the control group was performed using HRM curve analysis for all eight exons and exon-intron boundaries as described by us previously (Shi et al. 2009; Ren et al. 2010) .
The detected variants were analyzed against the 6500 individuals whose exome variants data were reported in the Exome Variant Server, NHLBI Exome Sequencing Project (http://evs.gs.washington.edu/EVS/; August 2012), the 1000 genome project data, and other existing SNP databases.
Each identified variant was then further analyzed using bioinformatic software, including SIFT and PROVEAN, to predict whether the amino acid substitution affects the function of cardiac troponin I. The SIFT (Sorting Intolerant From Tolerant) program predicts the impact of an amino acid substitution based on the degree of conservation of amino acid residues (Kumar et al. 2009 ). The PROVEAN (Protein Variation Effect Analyzer) program provides a generalized approach to predict the functional impact of protein variations including single or multiple non-synonymous and indel variants (Choi et al. 2012) .
Results
Clinical features of a Chinese family with HCM and AF
We identified a large Chinese HCM family with twenty family members (9 males and 11 females; ages from 6 to 60 years) in three living generations (Table 2; Fig. 2 ). Ten family members were affected with HCM, while three of them (II:1, II:2 and III:1) were affected with both HCM and AF (Table 2 ). Patient II:1 sample was not available for this study. Patient II:2 was a 60-year-old female diagnosed with both HCM and AF. Echocardiography of patient II:2 showed segmental wall motion abnormalities, left and right atrial enlargement, mitral regurgitation and tricuspid regurgitation. The ECG of patient II:2 showed the typical features of AF (Fig. 1 ). Individual III:1 was diagnosed with both HCM and AF at the age of 32, and died suddenly at the age of 43. The youngest affected member was a 19-year-old female (Table 2) .
Whole exome sequencing analysis identified a mutation in TNNI3 in the family with HCM and AF Whole exome sequencing analysis of three affected individuals (II:2, III:7 and IV:2 in Fig. 2 ) and one unaffected individual (II:5, father of III:7) was performed using ABI SOLiD™ 5500xl Genetic Analysis System. We employed genomic resequencing analysis modules in LifeScope™ Genomic Analysis Software to analyze raw data (*.xsq files). The numbers of different variants identified by whole exome sequencing analysis were shown in Table 3 . Variants that were shared by three patients but not by the unaffected individual were selected for further analysis. After all polymorphisms were filtered out, six heterozygous variants that changed protein coding were selected as candidate variants (listed in Table 4 ). Direct Sanger sequencing analysis was used to analyze all six candidate variants for co-segregation with the disease in the large Chinese family with HCM and AF. Variant p.D74N in the PSG1 gene was excluded as an error during whole exome sequencing (Table 4) . Variants p.A78V, p.S101P, and p.L338F were excluded because obligate recombinant(s) were identified (i.e. patients without the variant).
The two remaining variants, p.R186Q in TNNI3 and p.E52D in MEIG1, were found to co-segregate with all patients in the family although non-obligate recombinants (unaffected individuals carrying the variant) were identified, which may be due to incomplete penetrance or young age (not reaching age of onset). The substitution of the E residue at position 52 by a D residue, i.e., p.E52D variant, in MEIG1 is considered to be a mild substitution and unlikely to be a pathogenic mutation. Moreover, the R186Q mutation was not present in 1583 controls. All together, we concluded that R186Q is the pathogenic mutation that causes AF and HCM in the Chinese family.
Identification of novel genomic variants of TNNI3 in patients with AF
Because above studies demonstrated that TNNI3 mutation R186Q causes both AF and HCM, we hypothesized that TNNI3 mutations may be found in patients with AF alone. To test this hypothesis, we screened TNNI3 mutations with a panel of 1127 patients with a definitive diagnosis of AF selected from the GeneID database (Table 5 ). The average onset age of AF was 66.57 (±14.57) years. 33.7 % of the AF patients can be classified as lone AF cases without concomitants structural heart disease. The mean age of 380 lone AF patients was 56.78 ± 10.46 years. Mutation screening of all eight exons and exon-intron boundaries of TNNI3 in 1127 AF patients revealed four non-synonymous genomic variants (E64G, M154L, E187G, D196G) (Figs. 3, 4) . All four variants were not detected in 1583 controls without AF. These four variants were not found in existing public exome databases, including the ExAC Browser database with 60,706 exomes. The four variants were identified in four independent patients with persistent AF. The clinical and demographic characteristics of the four AF patients are shown in Table 7 , and all the four AF patients did not have HCM. All four variants led to amino acid substitutions at residues which were highly conserved across species (Fig. 5) , suggesting that these amino acid residues are of functional importance. Bioinformatic analysis using SIFT and PROVEAN predicted that the variants had a damaging or deleterious effect on the function of cardiac troponin I (Table 6) . No other TNNI3 variants were found in 1583 non-AF controls by mutation screening of all exons and exon-intron boundaries of TNNI3. Statistical analysis revealed a significant association between TNNI3 variants in aggregate and risk of AF in the cohort (P = 0.03 by Fisher's exact test).
Discussion
Whole exome sequencing analysis has become an effective tool to identify disease-causing mutations in large families. In this study, we utilized whole exome sequencing to characterize a large Chinese family with HCM and AF and identified a missense mutation, R186Q, in the TNNI3 gene that causes AF and HCM in the family. TNNI3 mutation R186Q was first reported in a French patient with HCM (Richard et al. 2003) and later in two families with incomplete penetrance of HCM (Mogensen et al. 2004 ). In one Caucasian family, four of the seven R186Q carriers developed HCM, whereas in the other Asian family, one of the four mutation carriers developed the disease (Mogensen et al. 2004) . Similarly, in the large Chinese family studied here, nine family members were found to carry the R186Q mutation, but three of them (III:2, III:9, and IV:7) were not affected with HCM or AF. This can be explained by reduced, age-dependent penetrance of the R186Q mutation. Since individual III:9 and IV:7 were still at a young age of 22 and 6 years, respectively, they may not reach the age of onset. Mutation R186Q was associated with a particularly severe outcome. The proband of the Caucasian family with R186Q died suddenly at the age of 32 years (Mogensen et al. 2004 ). Individual III:1 in the Chinese family studied here ( Fig. 2; Table 2 ) died suddenly at the age of 43 years. Identification of the responsible mutations in this family provides important information to facilitate appropriate medical management for mutation carriers and their offspring. Moreover, since the carriers with mutation R186Q are at a high risk of sudden death, living carriers in the Chinese family should be monitored closely.
Three mutation carriers in our Chinese family, including II-1 (obligate carrier), II-2, and III-1 (obligate carrier), were affected by both HCM and AF (Table 2; Fig. 2 ). In contrast, none of the previously reported 12 carriers of the R186Q mutation was affected with AF (Richard et al. 2003; Mogensen et al. 2004) . It remains to be investigated whether the causal role of the R186Q mutation in troponin I in AF is limited to the Chinese population.
To further establish the association between troponin I mutations and AF, we sequenced all exons and exonintron boundaries of the TNNI3 gene in 1127 AF patients. We identified four novel genomic variants (E64G, M154L, E187G, and D196G) in TNNI3. The four variants did not exist in 1583 non-AF controls. Moreover, we also screened all exons and exon-intron boundaries of the TNNI3 gene in 1583 non-AF controls, but no TNNI3 variants were identified in the controls. Thus, a significant association was found between TNNI3 mutations and AF (P = 0.03) by statistical genetic association analysis. Variants E64G, M154L, E187G, and D196G did not exist in the NHLBI 6500 Exome database, the ExAC Browser database with 60,706 exomes and other existing databases.
It is interesting to note that E64G is the first troponin I variant identified in the helices 1 and 2 region. All four variants occur at amino acid residues with a high degree of conservation across species, indicating that these residues were important for cardiac troponin I function. Bioinformatic analysis predicts that all four variants may be damaging to the function of troponin I.
Because E187G is next to the R186Q mutation, it is located in a functionally important domain, which provides support that E187G may be a pathogenic mutation for AF. For variant D196G, it is interesting that at the same amino acid residue 196, one missense mutation, R196N was previously reported in a French patient with HCM (Richard et al. 2003) . Thus, R196G identified in a patient with AF in this study may be a pathogenic mutation. The three-dimensional structure of the 52 kDa core domain of human cardiac troponin I was determined (Takeda et al. 2003) . Helices 1 and 2 (residues 40-80 and 90-130, respectively), of troponin I interacts with troponin T and forms the "IT-arm", which interacts with the C-lobe of troponin C (Fig. 4a) . The E64G mutation is located in the first critical region (32-79) in the first α-helix that interacts with troponin C. Amino acid residues 150-159 form the third α-helix that binds to the N-lobe of troponin C. The M154L mutation is located in the troponin I-C interaction domain. The fact that both E64G and M154L are located in the critical domain of cardiac troponin I that interacts with troponin C provides additional support that both variants may be pathogenic to AF. Moreover, based on the analysis, it is likely that E64G and M154L variants of cardiac troponin I may cause a functional effect on the interaction between troponin I and troponin C, leading to the development of AF. Together, these data and follow-up statistical analysis suggest that variants in TNNI3 in aggregate are associated with risk of AF (P = 0.03 by Fisher's exact text). Our results are consistent with a gene expression profiling study of chronic AF, which showed that TNNI3 expression was regulated in AF and this may be one of the particularly characteristic of AF (Lamirault et al. 2006) .
Previously reported disease-causing mutations were identified mostly in patients with lone AF, i.e. AF without structural heart disease and other diseases. However, it is well known that risk of AF is significantly increased by advancing age, male sex, hypertension, coronary artery disease, myocardial infarction, heart failure, congenital heart disease, valvular disease, diabetes mellitus, obesity, rheumatic heart disease, hyperthyroidism, and sleep apnea. In fact, the majority of AF cases occur in the context of other diseases. It is interesting to note that all four AF-associated TNNI3 variants, i.e. E64G, M154L, E187G, and D196G, were identified in patients with both AF and other common cardiovascular risk factors (Table 7) . Variant E64G was identified in an AF patient with hypertension and diabetes mellitus, M154L was found in an AF patient with hypertension and heart failure, and E187G and D196G were identified in AF patients with coronary artery disease (Table 7) . Therefore, troponin I mutations are associated with the typical, common form of AF. The underlying heart diseases may act as potential trigger or substrate for AF, which promote atrial remodeling of AF and increase risk of AF. The four missense variants in TNNI3 may account for stressinduced AF under the background of other cardiovascular diseases. However, the detailed molecular mechanism by which troponin I mutations cause AF in the context of other cardiovascular diseases should be investigated in detail in the future. GWAS have identified genomic variants at more than 10 loci for AF. However, the TNNI3 locus was not among the loci identified by GWAS. GWAS examine relatively common variants for association with human diseases. Moreover, the TNNI3 variants identified in this study are all private mutations which do not exist in any public database, including the largest genomic variant database with 60,706 exomes. Due to the minor allele frequency of 0 %, no association can be performed with each single mutation alone with the population-based studies. Therefore, previous GWAS failed to identify the TNNI3 locus for AF. This highlights one of the unique advantages for next generation sequencing (either whole exome sequencing or whole genome sequencing), which can uncover rare and/or private genomic variants that are associated with a human disease. With regard to the methodology, we performed genomewide linkage analysis for the Chinese AF/HCM family with the R186Q mutation using more than 400 markers which span the entire human genome by every 10 cM before the whole exome sequencing technology became available. We failed to identify a positive locus. No positive linkage was found with markers spanning the TNNI3 locus (LOD score = 0.20 and −3.42 at D19S418 and D19S210, respectively), or other candidate variants identified by whole exome sequencing listed in Table 4 (LOD scores = −4.41 to 0.89). The reason for the failure of linkage analysis is because two unaffected family members III-9 and IV-7 turned to be mutation carriers (Fig. 2) , which dramatically reduced LOD scores. This again highlights a unique advantage of next generation sequencing, which can identify a potential pathogenic mutation in a family first, and then genotype-phenotype analysis in the family can identify the true causal mutation.
There are several limitations with the present study. First, one major limitation of this study is that unfortunately, family members declined further genetic analysis so that we were unable to perform co-segregation analysis in families for the four TNNI3 variants. Second, lack of functional studies is another limitation. Future functional studies are needed to show whether these variants have any functional effect on the function of troponin I. Third, the number of internal reference ancestry of 1583 controls is low. The significant association between aggregated TNNI3 variants and AF needs to be replicated in another independent population, ideally in a non-Chinese population, in the future. Fourth, although the Fisher's exact test detected a significant association between TNNI3 variants in aggregate and risk of AF in the cohort (P = 0.03), SNP-set (Sequence) Kernel Association Test (SKAT) (Ionita-Laza et al. 2013) failed to yield a significant P value (0.23 before adjustment of covariates, 0.33 after adjusting for age and gender, and 0.46 after adjusting for sex, age, coronary artery disease, type 2 diabetes and hypertension).
The discrepancy may be due to the minor allele frequency of 0 % for all four missense variants and the small sample size. Future studies with a much larger population may be needed to resolve the issue.
In conclusion, the novel finding of this study is that mutation R186Q in TNNI3 causes both AF and HCM in a large Chinese family. Moreover, four novel mutations in TNNI3 were identified in patients with AF alone, including E64G, M154L, E187G, and D196G. These data expand the clinical spectrum of TNNI3 mutations. Moreover, the data in this study revealed an unexpected finding that variants in troponin I involved in contraction-relaxation control of the heart are associated with risk of common AF, a disease with electrical defects in the heart, which may reveal a new biological pathway for the pathogenesis of AF. Finally, this study provides evidence to support the 'rare variants, common disease' hypothesis to explain missing heritability for common human disease like AF.
Informed consent Informed consent was obtained from all individual participants included in the study.
